Abstract: Establishing mercury (Hg) source-receptor (SR) relationship matrices provides a tool to improve the understanding of the geographic relationship between regions of Hg release and its eventual deposition. SR relationship matrices are therefore a useful starting point for the development of policies aimed at reducing the impact of Hg emissions from anthropogenic activities (Hg anthr ) on sensitive ecosystems and areas potentially at risk of Hg contamination. A global Chemical Transport Model (CTM) has been used to simulate the emission, transport and fate of Hg anthr from 12 source regions, considering a range of uncertainty in the modelled chemical and physical processes. This ensemble of simulations gives an estimate of the Hg deposition which derives from each source region, as well as an estimate of the uncertainty of the calculated deposition flux. The uncertainty has been calculated using the bootstrap method to estimate this uncertainty in terms of the normalised confidence interval amplitude of the mean (NCIAM). Within the calculated confidence ranges, for almost all regions the contribution to the Hg deposition flux from remote sources is greater than that from domestic sources. Europe and South Asia, where the contributions are statistically indistinguishable, are exceptions, as is East Asia, with local sources dominating the Hg deposition flux. East Asia is the single most important remote source region for most receptor regions. The results yield such high uncertainties in the deposition flux for many receptor regions that the results are unlikely to be taken into consideration by policy makers. This uncertainty is particularly relevant when considering the "domestic" contribution to regional deposition, highlighting the need for more studies to resolve remaining uncertainties in the atmospheric Hg cycle, and Hg anthr emission inventories.
Introduction
Mercury (Hg) is considered to be a global pollutant since it threatens ecosystems which are remote from its emission sources, due principally to its long range transport in the atmosphere [1] . The Minamata Convention on Mercury (http://www.mercuryconvention.org/), October 2013, aims to reduce mercury contamination resulting from anthropogenic activities [2] .
The assessment of the magnitude of the impact of anthropogenic Hg (Hg anthr ) from a given region has on ecosystems in other regions requires the characterisation of how Hg is released to the atmosphere. That is to say, knowledge of the amount and location of Hg anthr emissions as well as information concerning their speciation and injection height distribution within the atmosphere. These emissions characteristics differ significantly among the various Hg anthr emission sectors, but play the mean deposition values, in terms of the normalised confidence interval amplitude for the mean (NCIAM), as described in Section 2.
Materials and Methods
Two sets of simulations were performed using the global Hg CTM ECHMERIT [24, 25] , based on the fifth generation General Circulation Model ECHAM5 [26, 27] . The first set considers all emissions, marine, biomass burning etc. as well as anthropogenic sources. Three different anthropogenic inventories were used, referred to here as AMAP [18] , EDGAR [28] and STREETS [9, 29] . The second set of experiments included only anthropogenic Hg emissions, which were tagged on the basis of their source region. These were then used to perform the source-apportionment of Hg anthr deposition, to finally evaluate the relative uncertainty, the object of this study.
The emissions of Hg anthr were tagged in the model according the definition of source regions, as showed in Figure 1 , following the definition of HTAPv2 (http://www.htap.org/) initiative, and then used to perform the source apportionment of Hg anthr deposition.
The Hg anthr emission inventories, where not already in NetCDF format were converted at their native resolution, and mapped using the HTAPv2 mask (http://www.htap.org/) file using the large fraction area method included in the Climate Data Operators (CDO) [30] .
The emission fields were then interpolated onto the ECHMERIT T42 horizontal grid (roughly 2.8 • by 2.8 • at the equator) using the mass conserving remapping tool of CDO, and onto its 19 vertical levels (up to 10 hPa), using the relevant prescribed, derived or operationally defined, height distributions [3, 18, 28, 31] .
The results of the runs were required to compare reasonably with field measurements, in order to be included in the analysis and also to be not too similar to each other (tested using the the horizontal pattern correlation method [32, 33] ). This was done to avoid, as far as possible, bias in the subsequent bootstrap analysis [23] .
Within each set of simulations, runs were conducted varying parameters and model assumptions, covering a range of all reasonable uncertainties, as explained in detail below. The BASE simulation uses meteorological data from 2010 and makes use of the O 3 /OH oxidation scheme, with oxidant fields imported from the MOZART model [34] .
As there remains some uncertainty concerning atmospheric Hg oxidation process [35] [36] [37] , simulations were also run including an oxidation mechanism based on bromine, with oxidant fields from the p-Tomcat model [38, 39] .
Two runs with hypothetical speciation ratios (100% Hg 0 (g) and 50:50 Hg 0 (g) :Hg II (g) ) were also evaluated. Further runs were also performed using meteorological input from different years but maintaining the same emissions.
The first set of simulations includes Hg emissions from biomass burning, mapped to those of CO as estimated by the FINNv1 inventory [40] , by using a global averaged enhancement ratio (1.54 × 10 7 ) [41, 42] . Emissions from oceans were calculated on-line in the model as described in De Simone et al. [25] , whereas prompt re-emission of deposited Hg was included only in the first set of simulations [43] . For the second set this process was switched-off to address only the direct deposition of Hg anthr . A spin-up period of 4 years was employed for both sets of simulations, and the results from the fifth year, namely 2010, were then considered for the analysis.
A summary of the simulations performed can be found in Table 1 . A number of the runs in the first set of simulations are very similar to those discussed in De Simone et al. [3] , where the results were found to agree reasonably well with both atmospheric Hg concentration and Hg deposition flux fields for the year under study (2010) . The variation of model parametrisations investigated did not lead to statistically significant (95% confidence level) model performance, indicating that none of them may be considered either unreasonable or unrealistic. The results from the second set of the simulations which were used for the source apportionment of Hg anthr deposition, are clearly not comparable to observations but serve to calculate the ensemble of the SR matrices. This final ensemble of SR-matrices were then used as input data to infer the statistical proprieties regarding the simulated Hg anthr deposition fluxes.
All the statistical metrics, and the relative confidence intervals (CI, at the 95% level) were calculated using the bootstrap method [23] . Bootstrapping is a statistical technique that has been proposed and successfully used in the analysis of output from mathematical models, since it has two attributes making it very attractive in such a context: it is particularly useful when dealing with small sample sizes, and importantly makes no assumptions regarding the distribution of the sample data [23] .
Bootstrapping makes use of data sampling with replacement (resampling) from an approximating distribution, to estimate in a robust way the properties of almost any statistic. Commonly, it is used to estimate population parameters such as the mean or the variance and to derive estimates of their confidence intervals. In this case, as is common when using this method, the distribution from which the resampling takes place is the empirical set of observations available, i.e., the model outputs. It is implemented by performing a number of resamples with replacement, of the observed data set, with each resampled data set having the same size as the original.
Starting from the single sample of the SR-matrices, bootstrapping involves, for each matrix cell, taking the original data set of the results from the 8 simulations and sampling to obtain new samples (10,000) of the same size of the original data set. For each of these bootstrap samples the mean was calculated, producing a histogram of bootstrap means, where the median (50%) is the estimated mean and the values at the 2.5% and 97.5% percentile represent the bounds of the CI for the estimated mean at a 95% level of confidence.
The estimated mean of the matrix of cells, and its respective CI, was then used to calculate the normalised confidence interval amplitude for the mean (NCIAM), which is used as a measure of the associated uncertainty (see, for example, Seddon et al. [44] ). The confidence interval amplitude was normalised using the corresponding mean value,
where BootMean 50% , BootMean 97.5% , and BootMean 2.5% are the median and the 97.5% and 2.5% percentile values of the histogram of the means of the bootstrapped samples. Values of the NCIAM greater than 100% correspond to a total uncertainty larger than the mean value itself.
The evaluation of the CI for the mean allows source regions for a given receptor to be compared in order to rank their impact. This same process was further applied to the raw model simulations to provide also an estimate of uncertainty directly at the model grid level.
The bootstrap resampling and the statistical calculations were performed using the NCAR Command Language (NCL, https://www.ncl.ucar.edu/).
Results
The fate of Hg anthr depends particularly on its emission characteristics, in terms of speciation and the emission height, and how the emissions interact temporally and spatially with meteorological factors determining atmospheric transport and precipitation patterns. During transport the distribution of atmospheric Hg oxidants plays an important role. Generally speaking, the emission speciation and injection height distribution are the major contributors to the uncertainty in the simulated Hg anthr deposition flux within a given region. Variation in the Hg oxidation mechanism employed in the model, atmospheric circulation and precipitation patterns yield greater uncertainty in the deposition far away from a given emission source.
Analysis of the NCIAM reveals that the global uncertainty in the annual mean deposition flux of Hg anthr from each of the source regions in Figure 1 , shows very different distributions. Since the ensemble of simulations includes a reasonable range of the factors potentially influencing modelled deposition, this variation in "uncertainty distribution" reflects the complex interactions between emission and transport and how these differ from region to region. Table 1 . Two things immediately stand out, namely, the large uncertainty in the deposition flux due to emissions of Hg anthr from South Asia, and the large uncertainty associated with deposition to Antarctica from all source regions.
The uncertainty in the normalised mean deposition fluxes of Hg anthr from South Asia is very different from the other source regions. For most source regions there are significant parts of the world where the normalised mean uncertainty is 50% or less, this is not the case at all for South Asia, where worldwide the uncertainty associated with the mean Hg anthr deposition flux is over 65%. In contrast the deposition of Hg anthr arising from emissions from Middle and Central America, for example, shows an uncertainty below 50% almost everywhere.
The region which is an exception in the case of Middle and Central America and which stands out for all of the source regions presented in Figure 2 , is Antarctica. The reason for the high uncertainty in the mean annual deposition Hg anthr flux is due to the very different results which are obtained using the alternative O 3 /OH and Br oxidation mechanisms. There are a number of reasons behind this one is the high concentration of Br predicted by models at high southern latitudes, another is that using the O 3 /OH much of the Hg anthr emitted in the tropics and sub-tropics is rapidly oxidised, and eventually deposited, close to source, (due to the relatively higher concentrations of O 3 /OH in these regions compared to mid-latitudes) and hence not transported. This difference was also seen in a modelling study of Hg emissions from biomass burning when performing simulations with the two mechanisms [42] . Figure 2 . Normalised confidence interval amplitudes for the mean (NCIAM) of the total Hg anthr deposition due to each of the source regions. Amplitudes were normalised by the mean value in each model cell, therefore values greater than 100% correspond to a total uncertainty larger than the mean value itself. Both mean and CI (at the 95% level) were calculated using the bootstrap method [23] , starting from the ensemble of simulations reported in Table 1 A number of regions show high uncertainty hot-spots within the source region itself (or just trans-boundary), as is noticeable in North America, Europe, Central Asia and Russia, East Asia, Pacific, Australia and New Zealand and the Arctic. For other regions, the transport, atmospheric chemistry and deposition processes and their interaction, cause the Hg anthr emitted to give rise to higher uncertainty in the total annual deposition flux far away from the source, as is the case for South America, Southern Africa and Northern Africa, and as mentioned above, particularly South Asia.
The source regions as defined in figure Figure 1 are also potential receptors for the Hg anthr emissions from all the other regions as a result of long range transport. For each cell in the model the the contribution to the Hg anthr deposition flux from sources within the same region and those from outside the region have been determined and the uncertainty in these fluxes calculated. The domestic "hot-spots" of uncertainty stand out starkly in panel (a) of Figure 3 , while the far less uncertain contribution of non-local sources to the Hg anthr deposition flux is immediately evident in panel (b) of the same figure. The domestic source contribution to Hg anthr deposition is most uncertain in the world's industrialised regions, particularly South Asia, but also North America, Europe, south-eastern Australia and to a lesser extent East Asia. Values over 100% indicate that the uncertainty is greater than the mean value itself. The reason for the high uncertainty from the long-range contribution to Hg anthr deposition in Antarctica is as described above. For the rest of the world however the uncertainty in the mean flux is generally less than 50% and tends to be lower in the northern rather than the southern hemisphere. Larger NCIAM values correspond to larger uncertainty in the estimates of the mean. Amplitudes were normalised to the mean value in each model cell, therefore values greater than 100% correspond to a total uncertainty larger than the mean value itself. Both mean and CI (at 95%) were calculated using the bootstrap method [23] , starting from the ensemble of simulations reported in Table 1 . The uncertainty in the Hg anthr deposition flux due to domestic emissions is greater than for remote emissions for almost all regions.
Uncertainty in the Source-Receptor Matrix
The individual simulations used to produce the maps of the uncertainty distribution discussed above were used to calculate the set of source receptor matrices used as input to the statistical model. The details are summarised in the estimated uncertainty Source-Receptor matrix, in Table 2 , which reports, for each of the receptor regions (horizontal), the mean (and the relative confidence interval at a 95% level) of the Hg anthr total deposition (Mg/year) due to each of the source regions (vertical). The table provides a comprehensive summary of the results, and contains significant information, however it is a little unwieldy. Therefore the heat-maps in Figure 4 were prepared to give an "at a glance" overview of the results. Table 2 . Source-receptor Hg deposition uncertainty matrix. For each receptor (rows), the mean (and the relative confidence interval at the 95% level) of the Hg anthr total deposition (Mg/year). The final "All Source" column reports the uncertainty in the total deposition due to all emissions sources, highlighting how the uncertainty in Hg anthr deposition due to domestic emissions is much greater than that for remote sources for almost all source regions. Panels (a) and (b) of Figure 4 , show the NCIAM associated with the deposition of Hg anthr from each source region to each of the receptors. It is evident that the deposition of Hg anthr from a number of source regions is characterised by a greater uncertainty respect to others. This can be seen in the vertical stripes of colours to the high percentage end of the colour bar, noticeably South Asia, South East Asia, North America, Southern and Northern Africa, but also those sources which fall inside the Arctic Circle. The analysis of the heat-maps underlines the conclusions obtained from the underlying geographical distribution of uncertainty seen in Figure 3 . , (a,b) , the normalised confidence interval amplitudes for the mean (NCIAM) of the Hg total deposition; (c) the comparison between the local and each remote source region contributions (95% CI) and (d) the remote source contributors that are statistically indistinguishable (95% CI), in order of importance. In (d) source contributions that are statistically indistinguishable (at 95% CI) share the same colour. In (a,b) two columns are detached depicting the uncertainty due to the local contribution (i.e., the main diagonal of the SR Matrix) and the overall remote contribution, respectively. Both mean and CI (at 95%) were calculated using the bootstrap method [23] starting from the ensemble of simulations reported in Table 1 . Panels (a) and (b) show visually the information in Table 2 , highlighting the greater uncertainty in Hg anthr deposition from SAS (South Asia), SEA (South East Asia), NAM (North America), Southern (SAF) and Northern Africa (NAF), and also the Arctic (ARC).
NAM
Generally the uncertainty associated with the domestic contribution to Hg anthr deposition is the highest (on the main diagonal in panel (a) and shown in the first of the two detached columns on the right hand side of panel (a)). The NCIAM for the domestic contribution lies in the range ≈40% to 55% for almost all sources, except South East Asia and South America where it is lower, 25% and 40% respectively, and South Asia where it is much higher, ≈80%. Conversely, the uncertainty of the combined remote contributions (second detached column in panel (a)) is lower than the domestic contribution (NCIAM, 18-36%) for all receptor regions except for the southernmost ones, Antarctica and the Southern Ocean. Only in South America is the uncertainty in the remote contribution higher than the uncertainty in the domestic contribution to Hg anthr deposition.
In almost all source regions, the confidence range of the calculated mean deposition fluxes the contributions to the deposition flux from domestic and remote Hg anthr sources are different. Only in Europe and South Asia are the two contributions indistinguishable (depicted by stars in Table 2 ). For East Asia the domestic is greater than the remote contribution (83-135 vs. 32-44 Mg/year), whereas for all the remaining regions, it is the remote contribution that makes up the bulk of the Hg anthr deposition flux.
To visualise the relationship between the individual receptor and source regions two further heat-maps were produced, Figure 4c,d . Panel (c) shows, using three colours when the long-range contribution of a given source region is less (in blue), greater (in red), or indistinguishable (white) from the domestic contribution. From Figure 4c It is immediately evident how East Asia is the single greatest Hg anthr source region for all receptors, apart from Europe and South Asia, where it is significantly lower, and also South Africa where the East Asian contribution is similar to the domestic contribution. Figure 4d shows, for each ocean basin receptor, the sources whose contributions are statistically indistinguishable (at 95% level of confidence), they are the same colour in the figure. Moreover the colour map indicates the relative importance of the sources relative to that receptor. For example the Hg anthr deposition flux to the Mediterranean has two primary source regions whose contributions are essentially the same, Europe and East Asia, both shown in black. The scenario depicted is complex, with most ocean basins receiving contributions from a large number of sources and usually with a number of sources making similar contributions to the Hg anthr deposition flux. Hence it is clear that multilateral action would be necessary to reduce the Hg anthr contribution to Hg deposition to the world oceans and seas. Two of the more sensitive marine environments, the Mediterranean and the Arctic are characterised by this situation, suggesting that local unilateral action would not have a major effect.
Discussion
One of the principal results of this analysis is that the uncertainties regarding the domestic contribution to Hg anthr deposition is greater than the uncertainty due to the contribution from remote sources in all source regions. This is essentially due to the relatively poor knowledge of the speciation and the vertical distribution of the Hg anthr emissions. This is particularly exacerbated within regions characterised by high Hg anthr emissions, and close to emission sources. More field studies are therefore needed to improve current knowledge of the characteristics of Hg anthr at its point of release, in order to improve the accuracy of Hg emission inventories and consequently to reduce the uncertainty associated with model results. This is particularly important in determining the local impact of Hg anthr at regional and sub-continental scales.
Uncertainty regarding the remote contribution to Hg anthr deposition is generally lower than 30% over the Northern Hemisphere, peaking at ≈50% over South East Asia. In the Southern Hemisphere uncertainty is slightly higher (40-60%), particularly over Antarctica where it reaches over 100%. However, especially when looking at Hg anthr deposition to ocean basins with delicate ecosystems, the situation is complicated by the fact that many source regions contribute in a manner that are statistically indistinguishable, demonstrating the necessity of coordinated, global multilateral action to reduce the Hg burden.
In order to provide modelling results and scenario-based simulations which can be reasonably used to inform policy decisions seems to be beyond the scope of current modelling systems due particularly to the uncertainty in the characterisation of Hg anthr emissions (fluxes, speciation and height), and atmospheric processes (in particular the redox chemistry of Hg).
In terms of the Minamata Convention, Article 19 on Research, development and monitoring, calls on the Parties, to cooperate to develop and improve among other objectives the modelling and monitoring of levels of mercury and mercury compounds in populations and environmental media.
However as Gustin et al. [2] observe, "Exchange of Hg among reservoirs (atmosphere, lithosphere, biosphere, and hydrosphere), and the amount present in each reservoir, are estimated using computational models based on limited spatial and temporal measurements of Hg concentrations, particularly in the atmosphere and ocean."
Until the uncertainties concerning the atmospheric cycle of the Hg are resolved, it is necessary to consider the use of quantitative management tools and models, which are able to handle explicitly the scenarios of all possible realistic outcomes, such as stochastic programming, or robust optimisation, which have been exploited successfully in other fields to manage information uncertainty [45, 46] .
